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A B S T R A C T   
This study assesses the possibility of using Global Navigation Satellite System (GNSS) observations in combi-
nation with measurements of surface pressure and temperature to derive Integrated Water Vapor (IWVGNSS) 
estimates in Central-Western Argentina (CWA), a semi-arid region with complex topography. A significant 
agreement (coefficient of determination > 0.9) is observed between IWVGNSS and IWV estimates from radiosonde 
measurements, highlighting the capability of the GNSS stations to provide IWVGNSS estimates for a denser 
network. The variability of the IWV estimates, the atmospheric pressure and precipitation totals for a case study 
are compared. The results show that the occurrence of the increase in IWV values (positive IWV anomalies) 
precedes abundant precipitation over the CWA, in conjunction with the presence of mid-troposphere low-pres-
sure anomalies acting as synoptic forcing. This kind of information provides a more comprehensive picture about 
the atmospheric processes involved in the development of deep convection, and it can be used for the devel-
opment of contingency plans in the region. Heavy precipitation events and the difference in timing between 
positive IWV anomalies, both on-site and for their surroundings, should be considered.   
1. Introduction 
Water vapor plays a major role in climate, as a dominant feedback 
variable in association with radiative effects and moisture dynamics 
(Trenberth et al., 2005). Being a key element of the hydrological cycle, it 
has a relatively short presence in the atmosphere, between less than a 
day and more than 30 days (van der Ent and Tuinenburg, 2017; Hod-
nebrog et al., 2019). Its complex life-cycle includes vertical and hori-
zontal transport, mixing, condensation, precipitation and evaporation 
(Simeonov et al., 2016). Moreover, tropospheric water vapor increases 
in close association with global warming, and this represents a major 
climate feedback that shapes the global circulation of the atmosphere 
(Schneider et al., 2010; Solomon et al., 2010). 
Water vapor plays a major role in the development of, for example: 
extreme precipitation events (Fujita and Sato, 2017; Barindelli et al., 
2018); rainfall associated with rapidly-deepening cyclones in 
mid-latitudes (McMurdie and Katsaros, 1996); hail development 
(Guerova et al., 2013; Calori et al., 2016); and, orographic precipitation 
associated with atmospheric rivers (Smith et al., 2010). The 
Central-Western Argentina (CWA) is a region where the interplay be-
tween the complex topography and the atmospheric circulation de-
termines a wide range of precipitation features, from intense winter 
orographic precipitation (Viale and Norte, 2009), to extreme summer 
precipitation events causing the occurrence of landslides over the Andes 
range (Santos et al., 2015) and hailstorms over the lowlands (Biles and 
Cobos, 2007), and to multi-annual severe drought events (Penalba and 
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Rivera, 2016; Rivera et al., 2017). There are several water vapor sources 
over the region, having a large seasonal variability which is translated to 
the annual precipitation cycle. The main water vapor influx source 
during the warm season (October to March) could be attributed to the 
southward movement of the South American low-level jet (SALLJ) from 
northern Argentina (Vera et al., 2006). Another relevant source during 
the warm season, even in presence of the SALLJ, is the moisture trans-
port from the southeast of Brazil and Uruguay, or even directly from the 
Atlantic Ocean, caused by the position of the anticyclones crossing South 
America from the Pacific Ocean to the Atlantic Ocean (Teitelbaum et al., 
2008). During the cold season (April to September), strong water vapor 
transport from the Pacific Ocean in the pre-cold-front environment of 
extratropical cyclones is responsible for the development of strong 
winter orographic precipitation events over the Central Andes (Viale 
and Norte, 2009; Viale and Nú~nez, 2011). The time series of precipita-
tion over the CWA lowlands are significantly uncorrelated to those of the 
CWA highlands (Bianchi et al., 2017), highlighting the presence of 
different water vapor sources over the region that are dependent on the 
season of the year. 
The occurrence of deep convection episodes during the warm season 
strongly affects the cultivated areas over the CWA, causing large damage 
and economic losses, particularly during hailstorms over the vineyards 
(Castex et al., 2015; Calori et al., 2016). Even under semi-arid climate 
conditions, some of the most severe convective systems on Earth can be 
generated over the CWA region during the warm season, with the 
development of large hail and even tornadic cells. The region has only 
scarce available in situ meteorological data for either a long-term cli-
matic assessment or the analysis of extreme precipitation events, calling 
for the use of satellite information, radar networks or other observing 
systems. Thus, it is of paramount importance to determine the amount 
and timing of water vapor over the region, as a preponderant variable of 
the atmosphere and one of the key factors in the development of severe 
storms. There has been considerable progress in recent years on some of 
these key issues, driven by new observing techniques (Sherwood et al., 
2010). In this sense, estimation of water vapor based on data from 
ground-based Global Navigation Satellite System (GNSS) receivers is a 
promising observation system for meteorology (Duan et al., 1996; Tre-
goning et al., 1998; Byun and Bar-Server, 2009). 
Latin America has a permanent GNSS observation network, SIRGAS- 
CON (Geocentric Reference System for the Americas-Continuous GNSS 
network), which, by the end of 2017, already exceeded 420 operational 
stations (Cioce et al., 2018). It densifies the International Terrestrial 
Reference Frame (ITRF) in Latin America (Sanchez et al., 2015; Brunini 
et al., 2012), and it can be used for atmospheric monitoring, as shown in 
Brunini et al. (2008) and Calori et al. (2015). The Integrated Water 
Vapor (IWV) is the total amount of water vapor present in a vertical 
atmospheric column over a specific site, such as a GNSS site. It is 
possible to retrieve IWV from the zenith total delay (ZTD), calculated as 
a correction in the GNSS processing, at a level of accuracy equivalent to 
that expected from direct observational techniques, such as radiosondes 
and microwave radiometers (Bonafoni et al., 2013; Van Baelen et al., 
2005; Calori et al., 2016). Few studies have been devoted to the use of 
GNSS stations for the estimation of IWV over South America. Bianchi 
et al. (2016) estimated mean IWV based on GNSS data (IWVGNSS) and its 
trends during 2007–2013 over more than a hundred GNSS tracking sites 
from SIRGAS-CON. Calori et al. (2016) analyzed a period of 45 days 
where deep convective processes with hail precipitation took place over 
Mendoza province, in the CWA. For this assessment, the authors used 
IWVGNSS maps to draw insight into the accumulation and influence of 
humidity over the region. Even fewer studies have performed a valida-
tion of the IWVGNSS; for this, Fern�andez et al. (2010) used radiosonde 
data from four locations over Central-North Argentina in order to vali-
date IWV estimates from Global Positioning System (GPS) stations 
during a 1-year period (2006–2007). The authors found an agreement 
between IWVGNSS and IWV estimated through radiosonde data (IWVRS), 
with differences as big as 3 mm. Llamedo et al. (2017) used GPS-derived 
IWV to analyze moisture anomalies over South America during El 
Ni~no-Southern Oscillation phases, finding positive anomalies over 
northern Argentina during El Ni~no events. The lack of validation studies 
of IWVGNSS can lead to misinterpretations in the presence of bias, adding 
uncertainty to the results; therefore, it is imperative to use radiosonde or 
reanalysis data for this purpose (Zhao et al., 2019). 
The IWV was previously considered as a tool for to try to understand 
the causes of the distribution of the precipitation in regions that have a 
very high density of records from radiosonde, satellite observations, 
GNSS ground stations and meteorological stations. In the CWA, in situ 
meteorological observations are scarce; therefore, GNSS atmospheric 
monitoring has significant relevance for the understanding of convective 
processes. 
This paper aims to provide IWV_GNSS timeseries for a recent period 
(2015–2018), to assess the accuracy through a comparison with radio-
sonde observations and explore the role of IWV in the development of 
regional precipitation events over the CWA. A case study during March 
2015 aims to depict the capability of IWVGNSS for the diagnostic of heavy 
precipitation occurrences, and its perspective for the development of 
forecasting tools, densifying the current observing system over the re-
gion. This kind of information is extremely valuable, and it can be used 
to achieve a better knowledge of this variable in the study region. 
The paper is structured as follows: Section 2 provides a description of 
the study area, the GNSS data source used to calculate the IWV and the 
meteorological and pluviometric data used. Section 3 gives details of the 
methodology to retrieve IWVGNSS in the region and the methodology 
used to calculate IWV anomalies. Section 4 presents the results obtained, 
which are divided into validation outcomes (Section 4.1), the relation-
ship between IWVGNSS and rainfall occurrences (Section 4.2), and a 
description of a case study (Section 4.3) based on the comparison be-
tween IWVGNSS and the occurrence of heavy precipitation over CWA. 
The main results are discussed in Section 5, and the main conclusions are 
presented in Section 6. 
2. Data and description of the study area 
2.1. Study area 
In this study, the CWA is defined as the Argentinean sector of the 
region located between 30 �S and 40 �S latitude and 64 �W - 71 �W 
longitude (Fig. 1). The Andes ranges strongly affect the regional pre-
cipitation patterns over the region, through interactions with the con-
tinental atmospheric circulation and the incursion of moist air masses 
from the Pacific Ocean. Over the study area, the Andes act as a perma-
nent barrier to the humid air masses from the mid-latitude South Pacific 
Ocean and the baroclinic precipitation systems coming from the west. 
The climate at high elevations has a Mediterranean regime, with higher 
precipitations during the cold season (April to September) and dry warm 
seasons (October to March), in response to the seasonal displacement of 
the South Eastern Pacific High (Falvey and Garreaud, 2007). Over this 
area, precipitation is mainly generated through the passage of cold 
fronts moving eastward from the Pacific (Garreaud, 2009). Due to the 
strong rain-shadow effect, the climate east of the Andes is arid to 
semi-arid, where convective warm season rainfalls caused by moist air 
masses from the Amazon and Atlantic basins play an important role 
(Schwerdtfeger, 1976). 
2.2. ZTD from GNSS observations 
In the study area, there are 7 GNSS (GPS þ GLONASS) stations 
included in the SIRGAS-CON network (see Fig. 1), active since 2007. For 
these sites ZTDs were estimated every 2 h based on 30 s GNSS data using 
Bernese 5.2 Software (Dach et al., 2015). Since the error in the esti-
mation of the ZTD dominates the propagation of the error in the 
calculation of the IWV (Ning et al., 2016a), there is a need to determine 
the ZTD with millimeter precision. Therefore, final International GNSS 
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Service (IGS) orbit and absolute calibration of the antennas and radomes 
phase center variations (PCV) were applied. To remove the ionospheric 
impact, ionosphere-free linear combination was used. The Vienna 
Mapping Function (VMF) was applied as a-priori model for the dry 
component and as mapping function for the estimation of the tropo-
spheric parameters (Boehm and Schuh, 2004). The corresponding co-
efficients in global grids of 15� with time intervals of 6 h were used, 
according to the Guidelines for SIRGAS Analysis Centres (AC) (Cioce, 
2017)http://www.sirgas.org/es/sirgas-con-network/guidelines/. Each 
of the 7 considered station was independently processed by three AC, 
each one processing over than 100 GNSS stations from the SIRGAS-CON 
network. Therefore, three ZTD values every 2 h were obtained. After a 
least squares adjustment process, twelve daily ZTD parameters were 
determined with an average rms of 1 mm in the 90% of the estimated 
values in the 4 years used (2015–2018). These ZTD parameters were the 
input data for the IWVGNSS calculation. 
2.3. Meteorological observations 
In order to calculate the IWVGNSS (see 3.1 section), atmospheric 
pressure (P) and 2 m temperature (2 T) hourly data were obtained from 
seven meteorological stations (MetS) in the study area. We selected the 
records from the closest MetS, located at no more than 35 km from the 
corresponding GNSS station for each case (Fig. 1). The 7 MetS selected 
were provided by the National Weather Service of Argentina (Servicio 
Meteorol�ogico Nacional, SMN). In all the cases, it was necessary to 
correct P by the height difference between the GNSS station and the 
corresponding MetS. This correction was applied in the IWVGNSS 
calculation (see Section 3.1). Regarding the 2T records, we applied 
quality control procedures to detect temperature outliers, based on the 
threshold defined by the values that exceedþ/-4 standard deviations 
from the long-term mean (Penalba et al., 2014). 
Additionally, we selected a case study, based on the occurrence of 
heavy precipitation over the study area. In this case, six-hourly accu-
mulated (i.e. 00, 06, 12 and 18 h UTC) precipitation measured at the 7 
SMN MetS was used for a detailed description of the precipitation event. 
In order to densify this variable, we complemented it with daily pre-
cipitation records over the period 2015–2016, from 43 rain gauges 
belonging to the SMN, the Argentine Institute of Snow Research, 
Glaciology and Environmental Sciences and the Water Resources 
Agency of Argentina. Precipitation time series were subjected to quality 
control procedures, as described by Rivera et al. (2018), analyzing the 
occurrence of dry spells and extreme precipitation totals. After these 
procedures, the final database consisted of precipitation records from 50 
stations distributed over the CWA (Fig. 1). 
2.4. Radiosonde observations 
Radiosonde observations have a high cost, making it unadvanta-
geous for providing high spatial or temporal resolution information of 
the integrated precipitable water vapor in the entire sounding. Typi-
cally, only one daily observation is performed at 12 UTC, but occa-
sionally, depending on the available budget and meteorological 
situation, an extra radiosonde measurement is performed at 00 UTC. 
In this paper, the IWVGNSS validation was done using the records of 
four years (2015–2018) of IWVRS from the only two terrestrial radio-
sonde stations available in the CWA: SAME, Mendoza Aero (32.83 �S; 
68.78 �W) and SAZR, Santa Rosa Aero (36.56 �S; 64.33 �W) (Fig. 1). 
3. Methodology 
3.1. IWV retrieved from GNSS observations 
In order to obtain the IWV from the GNSS observations, the meth-
odology described by Calori et al. (2016) was applied, from each ZTD 
site-dependent value. First, the tropospheric refraction caused by the 
hydrostatic component of air, the zenith hydrostatic delay (ZHD), was 
calculated, according Davis et al. (1985). The authors considered the air 
as an ideal gas assuming a hydrostatic equilibrium and calculated the 
ZHD as a function of P. In this case, the pressure (in hPa) at the site of the 
GNSS station (PGNSS) is necessary. P measured at the MetS (PMetS) was 
corrected by the height difference between the MetS (hMetS) and GNSS 
stations (hGNSS). An adaptation from the standard pressure model of 
Berg (1948) was applied: 
PGNSS ¼ PMetS ð1   0:0000226 ðhGNSS   hMetSÞÞ5:225 (1) 
It was possible to obtain the wet component of the tropospheric 
delay, the zenith wet delay (ZWD), by subtracting the ZHD to the ZTD. In 
this paper, the ZTD values of every 2 h from the SIRGAS-CON daily so-
lutions were used (estimated inside the differential processing of the 
GNSS network and after adjusting process, as previously mentioned in 
Section 2.2). 
The link between ZWD and IWV is given by the dimensionless 
Fig. 1. Study area, location of the analyzed stations and main topographic features.  
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Rw (2)  
where 
K2’¼K2   m*K1 (3) 
The constant m is Mw/Md, the ratio of the molar masses of water 
vapor and dry air, and the physical constants K1, K2 and K3 are from the 
widely-used formula for atmospheric refractivity. In this study, the “best 
average coefficients” from Rüeger (2002), Table 1, were used. 
RW is the ratio of the molar gas constant and molar masses of water 
vapor, equal to 0.461499. The variable 1/Tm is the water vapor 
weighted mean of inverse temperature in the atmospheric column above 
the GNSS sites. Three models based on the relationship between Tm and 
surface temperature (Ts) (Eq. (4)) were analyzed for the study region: 
UNB98Tm1 (Mendes, 1999), BTm (Bevis et al., 1992) and two cases (for 
latitude ranges 15 �S to 30 �S and 30 �S to 45 �S) of GTm (Yao et al., 
2014). The coefficients used in each model are given in Table 2. 
Tm¼ aþ b Ts ​ (4)  
where Ts (in Kelvin) is the surface temperature at the GNSS site (2T of 
the closest MetS). 
Tm values extracted from the radiosonde data were used as refer-
enced values. The two available radiosonde stations (2920 radiosonde 
profiles) in the study region were used as test sites. The comparison was 
made over two years (2017–2018), period in which both radiosonde 
stations had 2 daily launchings (00 h and 12 h). Based on the estimation 
of RMS and bias among the four cases (not shown), the UNB98Tm1 
model from Mendes (1999) was selected to calculate the Tm in this work. 
Finally, IWV is obtained following the relationship expressed in Eq. 




* ZWD (5) 
The IWV values analyzed corresponded to the 7 SIRGAS-CON sta-
tions located within the study area (Fig. 1). For these stations, we ob-
tained twelve IWV values (every 2 h, coinciding with ZTD interval data) 
per day. In order to describe the IWVGNSS at each site and to take into 
account their seasonal variability, a monthly average (for 4 years) of 
IWVGNSS was calculated for each GNSS station and it was subtracted 
from the IWVGNSS values of the series to calculate the corresponding 
anomalies. 
3.2. Determination of the case study 
In order to select a case study to compare the spatial and temporal 
distribution of IWVGNSS and precipitation over the CWA, we calculated 
the temporal evolution of the percentage of stations recording precipi-
tation for each day of the period 2015–2016. From a total of 731 days, 
only 12 have more than 70% of stations (between 33 and 44 stations) 
recording precipitation simultaneously (Table 3). The highest percent-
age of stations was observed during March 25, 2015. Additionally, we 
calculated the average precipitation value for each day. As shown in 
Table 1, the highest average precipitation value was also recorded 
during March 25, 2015, making this event particularly relevant for an 
assessment. The period between the 23 and 27 of March (two days 
before and two days after the selected date), was considered, in order to 
analyze the temporal and spatial evolution of IWVGNSS regarding 
precipitation. 
4. Results 
4.1. Validation of IWVGNSS with IWVRS 
As a first step, a validation of the IWVGNSS was performed, using 
independent values obtained through radiosonde measurements at the 2 
radiosonde stations available in the region, SAME and SAZR (Fig. 1). Its 
proximity to both Mendoza (MZAC) and Santa Rosa (SRLP) GNSS sta-
tions was useful for an adequate comparison. The altitude offsets be-
tween GNSS station and radiosonde were 156 m in SAME and 33 m in 
SARZ. Having daily radiosonde observations at 12 UTC, and occasion-
ally at 00 UTC, we were only capable to perform a validation of the 
estimations for those hours. Considering these limitations, Fig. 2 shows 
the scatter plots for IWVGNSS and IWVRS during a 4 years period 
(2015–2018) over the above-mentioned stations. The IWVGNSS shows a 
significant agreement (r2 > 0.90) with the corresponding IWVRS, high-
lighting the ability of this GNSS methodology to estimate the water 
vapor content of the atmospheric column. For both estimations, the 
mean absolute error was close to 2 kg/m2, while the percentage bias was 
slightly negative for Mendoza (~-2%) and slightly positive (~2%) for 
Santa Rosa. The results of these statistics are in line with previous studies 
(Fernandez et al., 2010; Zhao et al., 2018) comparing IWVGNSS and 
IWVRS. Similar results were obtained performing a separate assessment 
by considering only 00 or 12 UTC data (not shown), confirming the 
accuracy of the IWVGNSS estimation over the CWA. Moreover, similar 
bias values were obtained when considering the comparison of ZTDGNSS 
versus ZTDRS. 
The accuracy of the IWVGNSS estimation was tested with respect to 
IWVRS. Fig. 3 displays the histograms of the difference between IWVGNSS 
and IWVRS, with the mean and RMS values from these distributions. 
From Figs. 2 and 3, the results obtained at Mendoza show higher cor-
relation and better accuracy than the results at Santa Rosa, with RMS of 
2.77 kg/m2. However, in Santa Rosa the IWVGNSS was estimated with an 
accuracy of RMS ¼ 3.40 kg/m2, a value that is in line with previous 
studies (Fernandez et al., 2010; Zhao et al., 2018). 
Table 1 






K2 [K/mbar] K3 [K2/ 
mbar] 
K2’ 
77.6890 71.2952 K/ 
mbar 
3.75463 105 22.9744 K/ 
mbar  
Table 2 
Coefficients a and b from equation (4) of the compared Tm model.  
Tm Model a b 
UNB98Tm1 (Mendes 1999) 50.4 0.789 
BTm (Bevis et al., 1992) 70.2 0.72 
GTm (latitude 15 �S-30 �S) (Yao et al., 2014) 76.5865 0.7045 
GTm (latitude 30 �S-45 �S) (Yao et al., 2014)   15.9259 1.0224  
Table 3 
CWA regional precipitation events (>70% of stations simultaneously recorded 
precipitation) and average precipitation. Data period: 2015–2016. The selected 
case study is shown in bold letters.  
Date Stations with precipitation (%) Average precipitation (mm) 
25/2/2015 85.7 16.7 
26/2/2015 73.5 9.8 
24/3/2015 78.0 10.9 
25/3/2015 88.0 17.0 
8/8/2015 73.5 4.1 
12/11/2015 81.3 14.5 
2/12/2015 70.8 9.7 
8/4/2016 72.9 9.3 
24/4/2016 70.2 5.2 
11/5/2016 77.1 11.1 
18/10/2016 81.6 11.7 
24/10/2016 70.8 11.7  
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4.2. Relationship between IWV and precipitation 
Several studies have tried to provide a relationship between IWV 
variations and the occurrence of precipitation over specific regions, by 
determining thresholds of IWV values (Matrosov, 2013; Neiman et al., 
2008). For the comparison of IWV and precipitation, we selected the 
average IWVGNSS values based on Mendoza and Santa Rosa stations that 
were higher than the 75th percentile. For these values, we plotted the 
daily regional rainfall totals as a function of IWVGNSS (Fig. 4). According 
to the linear fit, there is no clear relationship between regional rainfall 
and IWV, with large IWV values that did not result in abundant pre-
cipitation totals. This indicates the need of an atmospheric forcing to 
provide a mechanism causing the wet air masses to ascend and 
condensate. Based on the selected IWV threshold, the region recorded no 
precipitation in just 12 days. A detailed inspection of these days (not 
shown) indicated the presence of a strong low-pressure system located 
west of Patagonia, generating an intensification of the westerly winds 
around 45� S, inhibiting the northern progression of the cold fronts to-
wards the CWA, and, therefore, generating stable conditions over the 
study area. This result indicates that IWV monitoring is not enough to 
characterize precipitation occurrences, and that it should be com-
plemented with the understanding of meteorological forcings that can 
trigger precipitation events, considering numerical model analysis and 
the use of stability indices from RS observations and forecasts (Gasc�on 
et al., 2015). 
Considering the regional precipitation events selected in Table 3, it is 
possible to characterize the evolution IWVGNSS around the specific dates 
of occurrence of precipitation. For this, we compared the mean IWVGNSS 
Fig. 2. Scatter plot comparing the IWVGNSS and IWVRS observations at Mendoza (upper panel) and Santa Rosa (lower panel). Period: 2015–2018. The black line 
represents the linear regression fit. 
M.F. Camisay et al.                                                                                                                                                                                                                             
Journal of Atmospheric and Solar-Terrestrial Physics 197 (2020) 105143
6
at Mendoza and Santa Rosa stations considering both two days before 
and two days after the occurrence of the 12 selected regional precipi-
tation events (Fig. 5). During most of the days, particularly prior to and 
during the regional precipitation occurrences, the average IWVGNSS 
values were above 15 kg/m2. Therefore, for the determination of 
regional precipitation occurrences (considering at least 70% of the sta-
tions over the CWA simultaneously recording precipitation) an IWV 
value larger than 15 kg/m2 can be considered as a threshold. In most of 
the cases, an increase in IWV was observed before the occurrence of 
regional precipitation events, which in average represents 
Fig. 3. Comparison between IWV obtained with GNSS and RS, for Mendoza (upper panel) and for Santa Rosa (lower panel).  
Fig. 4. Scatter plot of daily rainfall amounts as a function of the average 75th percentile of IWVGNSS at SRLP and MZAC during the 2015–2016 period.  
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approximately 5 kg/m2 in two days (Fig. 5). After the occurrence of 
regional precipitation events, there was a sharp decrease of IWV, 
resulting from the intrusion of cold dry air masses after the passage of 
frontal systems that cause the occurrence of these events. 
4.3. IWV analysis during a precipitation event, March 25, 2015 
4.3.1. Synoptic features 
During the period from 16 to 20 March 2015, a tropical air mass with 
warm and moist conditions was located in the north and central region 
of Argentina. A cold front was displaced from northern Patagonia to-
wards central Argentina, with an associated low-pressure system at 
500 hPa moving fast towards the South Atlantic Ocean. The advance of 
this cold front interacted with the warm, moist and unstable air mass, 
generating generalized thunderstorms during March 20 and 21, espe-
cially over central eastern Argentina. Over the CWA, in the absence of 
this synoptic forcing, local thunderstorms were generated due to the 
instability of the air mass on the days between March 20 to 23. A 
persistent anomalous ridging located over southern Argentina and Chile 
generated moist advection from the Atlantic Ocean towards the CWA 
(Fig. 6), feeding the prevailing moist conditions over the region. The 
development of a cut-off low west of southern South America, centered 
approximately at 28 �S and 77 �W, interacted with this moist air mass, 
and this was responsible for the generation of abundant rainfalls over 
northern Chile (Barrett et al., 2016) and the CWA during March 24 and 
25, with snowfall conditions over the higher parts of the Central Andes. 
4.3.2. IWV and precipitation evolution during the case study 
Fig. 7 shows the temporal evolution of the IWV during the period 
from 23 to 27 March 2015 in the six GNSS stations located west of 68 �W 
(Fig. 1), in combination with the 6-h accumulated precipitation and 
hourly P from the nearest MetS. A general feature observed at all the 
stations is the relative rise of the IWV values and the fall of the atmo-
spheric pressure before the occurrence of precipitation, comparing the 
conditions during and after the event. The relative increase of the IWV 
values over the CWA was caused by the prevailing atmospheric circu-
lation prior to the development of thunderstorms. A relatively dry air 
mass, associated with a post-frontal high pressure system, moved to-
wards the CWA, leading to the decrease in IWV and increase in P 
observed in Fig. 7, since March 25. The maximum values of IWV were 
observed prior to the occurrence of abundant precipitation totals 
recorded during March 24 and 25. IWV values higher than 20 kg/m2 
Fig. 5. Average IWVGNSS at SRLP and MZAC during the selected regional pre-
cipitation events in Table 3. t0, indicates the day of the event, and times t-1 and 
t-2 (tþ1 and tþ2) indicates the difference in days before (after) the precipita-
tion event. 
Fig. 6. Geopotential height anomaly field at 500 hPa, wind vector anomalies (m/s) and specific humidity (q) at 850 hPa (anomaly values are calculated with respect 
to the 1981–2010 climatological period), based on NCEP/NCAR reanalysis for the period from 23 to 25 March 2015. Only positive anomalies of q are plotted. 
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were observed during the first hours of March 24 in the southern portion 
of the domain (MGUE and MZSR), where the occurrence of precipitation 
was observed a few hours before with respect to the northern stations 
(Fig. 7). Values exceeding 30 kg/m2 were observed during the afternoon 
of March 24 in SL01, UNSJ and MZAC stations, triggering thunderstorms 
during the night. The highest precipitation totals for a 6-h period were 
observed at MGUE station, with a total of 36.8 mm between 12 and 18 
UTC (9–15 h in local time) on March 24. Considering that the average 
accumulated precipitation at this location for the month of March is 
33.5 mm (1981–2010), we can conclude that this situation caused the 
development of severe weather over the CWA. Abundant precipitation 
rates were also observed in MZSR during the same 6-h period, while in 
MZAC maximum rates were recorded between 18 UTC March 24 and 00 
UTC March 25 (Fig. 7). 
4.3.3. IWV anomalies and rainfall patterns during the case study 
In order to provide a more comprehensive link between IWV and the 
occurrence of precipitation, we expanded the spatial assessment of 
precipitation using data from 50 pluviometric records, considering the 
period from 24 to 26 March 2015. Fig. 8 shows the spatial patterns of the 
IWV anomalies calculated for each GNSS station and the cumulative 
daily rainfall recorded in the rain gauges. During March 25, there was a 
Fig. 7. Temporal evolution of IWVGNSS, 6-h cumulative precipitation and atmospheric pressure, from 23 to 27 March 2015. Precipitation bars centered in the start of 
the day correspond to the period from 18 to 0 UTC (15–21 h local time). Notice that the scale of the secondary y-axis changes depending on the atmospheric pressure 
on each station. 
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sharp increase in the IWV positive anomalies over the study area, 
compared to the conditions during March 24. This IWV increase was fed 
by the northerly winds transporting air moisture from northeastern 
Argentina, resulting in anomalies larger than 5 kg/m2 over MZSR, 
MGUE and SRLP stations. This large increase in IWV was responsible for 
the development of several thunderstorms, with accumulated rainfall 
larger than 35 mm in the central portion of Mendoza province (southern 
oasis, Fig. 8). Moreover, the increase of 5 kg/m2 was also observed by 
considering the average of the selected 12 regional precipitation events, 
a result that could allow the extrapolation of this anomaly for the un-
derstanding of other precipitation events. Negative IWV anomalies were 
observed at five of the seven GNSS stations during March 26 (Fig. 8). 
Nevertheless, the development of isolated storms during March 26 over 
the Uco Valley and the southern oasis were observed, although with 
lower accumulation totals than March 25. On March 27, negative IWV 
anomalies were observed over most of the study area, with scarce pre-
cipitations in just 5 stations (not shown). 
5. Discussion 
Atmospheric water vapor density is a fast changing variable in time 
and space, yet measurements are still very limited. A better knowledge 
of this variable would allow a better understanding of the atmospheric 
processes, and it would also aid weather forecasting. Better under-
standing requires measurements from a wide network that ensures 
adequate spatial monitoring. Traditionally, IWV has been measured 
from radiosonde measurements from specific places. The Integrated 
Global Radiosonde Archive (IGRA) has records from over 2700 globally 
distributed stations, with reliable records for the last 60 years (Durre 
et al., 2006). This database has provided information for the study of 
variability and long-term trends in IWV (Zhang et al., 2018); never-
theless, there are scarce records over South America. In the CWA, there 
were only two radiosonde stations providing daily records at 12 h UTC 
(SAME and SAZR), with occasional measurements at 0 h UTC. To un-
derstand and in particular to predict development of local precipitation 
the radiosonde data are not sufficiently dense in space and time. 
In recent years, the increase in the number of permanent GNSS 
reference stations worldwide has led to a major breakthrough in the 
monitoring of atmospheric IWV (Priego et al., 2016). GNSS observations 
can be acquired during all weather conditions, with a high spatial and 
temporal resolution. The knowledge of IWVGNSS trends and variability is 
relevant for several climate applications, currently being investigated by 
many studies worldwide (Ning et al., 2016b and references therein), as 
for example the understanding of heavy precipitation events. 
In this study, the objective was to present a concrete application of 
the IWV estimates from the GNSS observations available over the CWA, 
in the field of meteorology. The results confirm, as in Calori et al. (2016) 
and Bianchi et al. (2016), that continuous GNSS stations can contribute 
to the knowledge of the water vapor variability, with a temporal reso-
lution (2- hour sampling intervals) that surpasses any other IWV esti-
mation method in the study region (e.g. 12-hour sampling interval in the 
best case of radiosonde observations). This indirect method allowed the 
estimation of IWV with an accuracy of few millimeters 
(RMS ~ 3 kg/m2), with a significant correlation with respect to the 
IWVRS (r > 0.949, p < 0.01), in line with the findings of previous studies 
(Fernandez et al., 2010; Bonafoni et al., 2013; Zhao et al., 2018). 
In addition to the above-mentioned advantages, it is possible to 
extend this monitoring over all the SIRGAS-CON stations in Argentina 
that have ZTD estimated, totaling of the order 50 IWV monitoring sta-
tions, largely exceeding the 5 available radiosonde stations in the 
country. As previously shown by Priego et al. (2016) over the Spanish 
Mediterranean area, fluctuations in IWV fields correlate well with 
approaching frontal precipitation, and a combined increase in IWV and 
decrease in atmospheric pressure act together as a precursor to heavy 
precipitation events over the CWA. 
Considering the costs of the traditional radiosonde measurements, 
the GNSS indirect method is the most effective, since it does not require 
additional costs in infrastructure because the networks of GNSS stations 
are operating in the field of geodesy and georeferencing. The method 
applied using ZTD only requires a sum of calculation processes that, 
Fig. 8. Spatial patterns of the IWV anomalies, calculated for each GNSS station and the cumulative daily rainfall recorded in the rain gauges from 24 to 26 
March 2015. 
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streamlined over time, can offer highly reliable results. For example, 
Cheng et al. (2012) presented its potential to correct tropospheric errors 
in InStar Interferometry. Manandhar et al. (2018) performed an 
exhaustive analysis of IWVGNSS variability before and after rainfall oc-
currences in different regions of the world, particularly over monsoon 
regions. Other examples of the use of IWVGNSS can be found in Italy 
(Bonafoni et al., 2013), Germany (Alshawaf et al., 2017) and South 
America (Bianchi et al., 2016). 
One of the most discussed approaches in the IWV calculation from 
ZTD in GNSS observations is the formula to obtain the mean tropo-
spheric temperature (Tm). Usually, in particular in the northern hemi-
sphere, the well-known model of Bevis (Bevis et al., 1992) is applied, 
while previous studies in South America used the empirical model of 
Sapucci (Sapucci et al., 2004). Fernandez et al. (2010) showed that there 
were small differences in the IWVGNSS results from applying the Bevis or 
Sapucci models for the estimation of Tm over central Argentina. In the 
present study, UNB98Tm1 (Mendes, 1999), BTm (Bevis et al., 1992) and 
GTm (Yao et al., 2014) models were tested. We verified that the 
UNB98Tm1 model presents the best agreement with respect to the Tm 
calculated with observations of RS in the CWA. The model was devel-
oped using quasi-global radiosonde measurements and a height range of 
0–2200 m, covering the SIRGAS-CON region. 
The applied methodology requires observations of atmospheric 
pressure and temperature at each site, a topic that, in view of the limited 
in-situ observations, has been addressed through the use of reanalysis 
products for all SIRGAS-CON stations over the Latin America region 
(Calori et al., 2015). The uncertainty associated with the input variables 
depends on the method selected for the correction of pressure, based on 
the height difference between GNSS sites and MetS. Our method shows 
that it is possible to estimate this correction by applying an adapted 
formula of the standard pressure from Berg (1948) model. The retrieval 
of ZTD or ZHD depends on the selection of software packages. Golas-
zewski et al. (2017) compared the results between Bernese GNSS soft-
ware (which was used for the calculations of IWV in this paper) and 
G-Nut/Tefnut software, showing that both packages give satisfactory 
results. The authors highlighted the simplicity of G-Nut/Tefnut soft-
ware, being more user-friendly and more adaptable for the use of IWV 
for meteorology and weather monitoring. In this sense, future work 
should be pointed towards a multi-comparison of IWV retrievals based 
on observations, reanalyses and different calculation procedures. The 
impact of accurate ZTD or ZHD estimates on the calculation of IWVGNSS 
totals can lead to errors as large as 20% (Wang et al., 2017). 
A further step should deal with the use of IWVGNSS and ZTDGNSS as 
input for weather prediction, particularly for the forecast of heavy 
precipitation events. The assimilation of ZTD on numerical weather 
prediction models has been performed in several regions of the world 
(Stoycheva et al., 2017; Ahmed et al., 2015; Kumar et al., 2017; Rohm 
et al., 2019; Singh et al., 2019), with improvements in the forecast of key 
variables as surface pressure, moisture transport or precipitation. In this 
sense, considering that the IWV alone is not enough to describe pre-
cipitation variations over the region, the evolution of atmospheric 
pressure and wind patterns should be analyzed for a larger number of 
case studies, comparing forecasts and observations. 
6. Conclusions 
This study analyzed the quality of IWV estimates derived by 
combining ZTD estimates based on ground-based GNSS data with 
meteorological surface data on pressure and temperature for sites in 
Central-Western Argentina. The results showed that ZTD estimates from 
SIRGAS-CON network can be used for water vapor monitoring over re-
gions with scarce meteorological information. In Argentina, 50 GNSS 
stations already have ZTD, which makes it suitable for IWV monitoring 
in this country (Pi~non et al., 2018). Based on the validation results 
carried out, it is confirmed that the method applied for the calculation of 
IWV from the tropospheric zenith delays estimated with GNSS data can 
be used for the analysis of water vapor, with an unparalleled densifi-
cation both spatially and temporally (hourly from SIRGAS ZTD prod-
ucts), complementing the radiosonde records on continental territory. 
Note that if the objective is IWV estimation for weather forecasting 
an additional error source will be introduced. It will be necessary to use 
rapid orbits, and a more agile method such as PPP, to estimate ZTD, with 
a loss in accuracy of the order of 2% of the value of ZTD (Mackern et al., 
2019). 
Based on the selection of 12 region wide precipitation events (days 
when more than 70% of the stations recorded precipitation occur-
rences), it was found that a threshold of 15 kg/m2 can be used to char-
acterize these events. An increase in IWV of approximately 5 kg/m2 was 
observed two days before the occurrence of the precipitation events, 
with a sharp decrease after the events due to the entry of a dry air mass 
that typically follows the advance of cold fronts. Not all the cases where 
large IWV values were observed led to precipitation occurrences, mak-
ing imperative the monitoring and knowledge of other key variables, 
such as low-level wind, atmospheric pressure, moisture transport and 
stability indices. The selected case study, where large precipitation to-
tals were recorded during March 2015, provided evidence of positive 
IWV anomalies that, in conjunction with meteorological forcings, such 
as the presence of a cut-off low that caused the decrease in atmospheric 
pressure and unstable conditions, can generate widespread precipitation 
over the study area. 
Future studies should be performed to quantify the relationship be-
tween the IWV increases and the atmospheric pressure decreases, with 
respect to the onset of regional precipitation events. It is also necessary 
to establish the time-windows before and after the peak intensity of the 
rain events, when the meteorological conditions led to the occurrences 
of these events. This should be regionally-evaluated, given the different 
contributions of topographic relief which result in a characteristic 
pattern for each site and region. 
The National Weather Service and the regional water agencies of 
Argentina can benefit from the GNSS estimates of ZTD and IWV, to 
monitor and predict the occurrence of regional precipitation events that 
can trigger hazard conditions affecting society and socio-economic ac-
tivities. Examples of the assimilation of ZTD by numerical weather 
prediction models can be found in Europe, where several countries use 
operationally ZTD estimates for forecasting and nowcasting severe 
weather events (Guerova et al., 2016). It is also necessary to ensure 
access of ZTD estimates to the internet network to allow IWV calcula-
tion, a variable that needs to be routinely monitored by the meteoro-
logical agencies. 
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